CARDIAC MYOCYTES comprise ϳ75% of the volume of mammalian ventricles, but they account for only ϳ30% of all myocardial cells (50). Ninety percent of the remaining myocardial cells are cardiac fibroblasts (5). Under physiological conditions, cardiac fibroblasts are responsible for maintaining the extracellular matrix (5) and also produce a wide variety of autocrine and paracrine factors (11).
CARDIAC MYOCYTES comprise ϳ75% of the volume of mammalian ventricles, but they account for only ϳ30% of all myocardial cells (50) . Ninety percent of the remaining myocardial cells are cardiac fibroblasts (5) . Under physiological conditions, cardiac fibroblasts are responsible for maintaining the extracellular matrix (5) and also produce a wide variety of autocrine and paracrine factors (11) .
In response to ischemia and/or myocyte injury, a localized immune response is initiated. This results in fibroblast recruitment (14) , and fibroblasts proliferate and transform into myofibroblasts (46) . Like fibroblasts, myofibroblasts are also proliferative and mobile, and they synthesize numerous autocrine and/or paracrine factors (43) . In addition, myofibroblasts can contract, and this may assist in reduction of myocardial scar size during wound resolution (44) .
Despite the important roles played by cardiac fibroblasts and myofibroblasts, the ionic basis for their membrane potential is not fully understood. Furthermore, no information is available concerning whether modulation of the membrane potential of adult cardiac fibroblasts or myofibroblasts can influence their physiological function(s). Rook et al. (37) studied some of the electrophysiological characteristics of cultured neonatal rat cardiac fibroblasts. These fibroblasts were not electrically excitable, had resting membrane potentials (RMPs) between Ϫ20 and Ϫ30 mV, and expressed outwardly rectifying ionic current(s). The RMP in adult rat atrial cardiac fibroblasts is also relatively depolarized (Ϫ37 Ϯ 3 mV) (22) . In these in situ experiments, membrane potential hyperpolarized during atrial relaxation and depolarized during atrial contraction (20, 21, 23, (27) (28) (29) . These oscillations in membrane potential, termed "mechanically induced potentials," were blocked by 40 M gadolinium. Patch-clamp analysis of freshly dissociated adult rat atrial fibroblasts provided evidence for a gadolinium-sensitive nonselective cation conductance that was enhanced by compression and inhibited by stretch (22) . In these freshly dissociated adult atrial fibroblasts, no conventional voltage-gated currents were identified.
In the present study, both freshly dissociated fibroblasts and cultured myofibroblasts were studied using the whole cell patch-clamp technique. The primary goal was to identify the main ionic currents and determine their role in control of RMP. After it was demonstrated that both cell populations consistently expressed K ϩ currents, expression of mRNA encoding ␣-subunits of a variety of K ϩ channels was assessed. In the final set of experiments, myofibroblasts were studied to determine whether modulation of membrane potential could affect physiological function, as judged by 1) changes in cell number and 2) changes in the extent of deformation of collagen I gels that had been seeded with myofibroblasts. Some of these findings have been reported recently in abstract form (8, 9) . The delayed rectifier K ϩ currents have been studied in detail in a recent study from our laboratory (42) .
MATERIALS AND METHODS

Materials.
Collagenase type II was purchased from Worthington Biochemical; DMEM/F12, standard minimal essential medium, FCS, trypsin EDTA solution, fungizone, gentamycin, penicillin-streptomycin solution were purchased from GIBCO/Invitrogen; and DiBAC 4(3) and collagen I were purchased from Molecular Probes and StemCell, respectively. All other chemicals were obtained from Sigma-Aldrich.
Fibroblast isolation. All procedures complied with Canadian Council on Animal Care regulations. The methods used are in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Pub. No. 85-23, Revised 1996) and with University of Calgary guidelines. Adult male Sprague-Dawley rats were anaesthetized with isoflourane and methoxyflourane. Hearts were Langendorff perfused at 8 ml/min (37°C) with 1) 1 mM CaCl2-Tyrode solution for 5 min; 2) CaCl 2-free Tyrode solution for 5 min, and 3) 4 M CaCl 2-Tyrode solution containing 0.04 mg/ml collagenase II and 0.004 mg/ml protease XIV for 9 -12 min. Ventricular tissue was then cut into ϳ1-mm 2 pieces and further digested in 10 M CaCl 2, 1 mg/ml collagenase II, 0.1 mg/ml protease XIV, and 0.5% BSA-Tyrode solution in a 37°C shaker bath.
For electrophysiological studies, fibroblasts were diluted in KrafteBrühe buffer [containing (in mM) 100 K-glutamate, 10 K-aspartate, 25 KCl, 10 KH2PO4, 2 MgSO4, 20 taurine, 5 creatine, 0.5 EGTA, 20 glucose, and 5 HEPES, with 1% BSA]. Cells were maintained in this medium for 1 h at 22 Ϯ 1°C before being stored at 4°C and were used within 6 h of being refrigerated. Refrigerated cells were allowed to warm 30 min before the initiation of electrophysiological studies.
When placed under cell culture conditions, cardiac fibroblasts quickly transform into myofibroblasts (15, (47) (48) . To obtain a predominantly myofibroblast population, ventricular fibroblasts in KB buffer were spun (2,000 rpm, 10 min) and then resuspended in DMEM with 10% FCS, penicillin-streptomycin (10 /ml), gentamycin (50 g/ml), and fungizone (0.0125 g/ml). Cells were incubated in a 250-ml Falcon flask (VWR) in a 37°C CO2 water-jacketed incubator (Forma Scientific). After the first passage, the majority of these cells demonstrated robust staining for smooth muscle ␣-actin, a marker of myofibroblasts that is absent in fibroblasts (46) (data not shown).
Electrophysiological measurements. Cells were placed on the stage of a Nikon Diaphot inverted microscope and superfused continuously at 22 Ϯ 1°C with Tyrode solution containing (in mM) 140 NaCl, 5.4 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 5.5 glucose, and 7.14 mannitol (pH adjusted to 7.4 with NaOH). Tyrode solutions with selected external K ϩ concentrations ([K ϩ ]o) were prepared by isotonic substitution with NaCl. Patch pipettes were made from borosilicate glass shanks (World Precision Instruments) with a P-87 Flaming/Browning pipette puller (Sutter Instruments). Pipette tips were polished (Narishige Scientific Instrument Lab microfoge). These patch pipettes had resistances of 6 -12 M⍀ when filled with a solution containing (in mM) 12 NaCl, 20 KCl, 110 K-aspartate, 1 CaCl2, 1 MgCl2, 4 K2ATP, 10 EGTA, and 10 HEPES (pH adjusted to 7.2 with KOH).
Whole cell voltage-clamp experiments were done using an EPC 7 amplifier (List Electronic) interfaced to a Digidata 1322A dataacquisition system controlled by Clampex version 8.1 software (Axon Instruments). Data was analyzed with pCLAMP software (Axon Instruments) and Origin 6.1 (OriginLab) and plotted as isochronal current-voltage (I-V) curves.
Cell capacitance was measured by integrating the capacitative transient evoked during 10-mV depolarizing steps from a holding potential of Ϫ50 mV. Input resistance was calculated from current changes in response to 10-mV depolarizing steps from a holding potential of Ϫ60 mV.
Whole cell I-V relationships were determined from a holding potential of Ϫ50 mV. The protocol consisted either of 500-ms voltage steps, applied in 10-mV increments between Ϫ140 mV and 30 mV, or of a 1-s voltage ramp from either Ϫ140 to 50 mV or Ϫ125 to 20 mV.
Responses to BaCl2 or to changing [K ϩ ]o were obtained after their application with a rapid perfusion system (ALA Scientific Instruments). Leakage current through the pipette/plasmalemma seal was estimated from the seal resistance and applied voltages and was subtracted from raw current records. Membrane voltages have been corrected for a junction potential of 10 mV, as calculated by pCLAMP software.
Qualitative and quantitative PCR. Total RNA was extracted from P1 myofibroblasts and reverse transcribed as reported previously. The PCR amplication protocol was as follows: 15 s at 95°C and 60 s at 60°C for 1 min according to AmpliTaq Gold (Applied Biosystems; Foster City, CA). GAPDH primers were used to confirm that the products generated were representative of RNA. Each amplified product was sequenced by the chain termination method with an ABI PRIZM 3100 genetic analyzer (Applied Biosystems). Real-time quantitative PCR was performed with the use of Syber green chemistry on an ABI 7000 sequence detector (Applied Biosystems). Experimental quantities were calculated relative to the standard curve for a particular set of primers, yielding transcriptional quantitation of gene products relative to the endogenous standard (GAPDH). The reproducibility of the assay was tested by ANOVA comparing repeat runs of samples, and mean values generated at individual time points were compared by Student's t-test.
The following PCR primers were used: Kv1. (3) is a bisbarbituric acid oxolol compound that partitions into the membrane as a function of membrane potential (12, 49) . Hyperpolarization causes extrusion of the dye and decreased fluorescence, whereas depolarization causes enhanced fluorescence (1, 12, 49) . Fluorescence was monitored with a fluorescent microscope (Olympus America) using the excitation and emission wavelengths of 470 and 525 nm, respectively. Relative fluorescence intensity was determined with OpenLab Software (Improvision). DiBAC4(3) was maintained at 1 M in all solutions.
Collagen I gel deformation assays. Collagen I gels were prepared according to Takayama and Mizumachi (45) . P1 myofibroblasts were maintained on gels for 7 days before being serum starved for 12 h. Gel deformation was then initiated at time 0 by freeing gel edges with a scalpel. Individual gels were photographed with a Digital Camera (Nikon) at 0, 2, 4, 6, and 8 h. The surface area of each gel at each time was measured with custom software.
Assessment of myofibroblast number. P1 cells were allowed to grow to ϳ80% confluence in a Falcon tray and were then serum starved overnight. Cell number was determined after 24-h incubation in the presence of 1. Statistical analysis. Data are presented as means Ϯ SE. Levels of statistical significance were assessed by unpaired Student's t-test. P values of 0.05 or less were considered statistically significant.
RESULTS
Currents recorded from adult rat ventricular fibroblasts and myofibroblasts.
Using standard whole cell patch-clamp methods, we investigated the ionic basis for RMP in freshly dissociated adult rat ventricular fibroblasts as well as myofibroblasts that were maintained under culture conditions for 20 Ϯ 1 days. Freshly dissociated ventricular fibroblasts are spherical and have an average capacitance of 6.3 Ϯ 1.7 pF (n ϭ 18). Their input resistance measured between Ϫ60 and Ϫ50 mV was 10.7 Ϯ 2.3 G⍀ (n ϭ 23). With voltage-clamp steps (500 ms) applied in 10-mV increments between Ϫ140 and 30 mV, from a holding potential of Ϫ50 mV, measurements of peak currents yielded a sigmoidal I-V relationship (Fig. 1A ). This suggested that at least two distinct types of currents were expressed in these cells. A representative family of currents from an individual fibroblast is shown in Fig. 1A , inset. At membrane potentials negative to approximately Ϫ60 mV, an inwardly rectifying current was recorded, whereas at membrane potentials positive to approximately Ϫ40 mV, a time-and voltagedependent outward K ϩ current was activated. This general pattern of K ϩ currents was recorded in ϳ90% (33/35) of these fibroblasts. Approximately 70% (25/35) of these fibroblasts expressed a measurable inwardly rectifying current. No regenerative responses were recorded from any freshly dissociated ventricular fibroblasts. The time-and voltage-dependent outward K ϩ currents have been studied in detail in a separate project in our laboratory (42) . For this reason, their properties will not be further considered here.
A similar pattern of currents was recorded from single adult rat ventricular myofibroblasts. When maintained under culture conditions for 20 Ϯ 1 days, myofibroblasts spread and proliferate significantly and also develop numerous cellular processes. Individual myofibroblasts have a much larger capacitance (53.2 Ϯ 9.4 pF, n ϭ 20) than freshly dissociated fibroblasts. When individual myofibroblasts were voltage clamped at Ϫ50 mV and stepped (1 s) from Ϫ130 to 30 mV, both inwardly rectifying currents and outward time-and voltagedependent K ϩ currents were recorded in 95% (19/20) of these cells. Figure 1B , inset, shows a representative family of currents from a single myofibroblast. When considered as an entire population, myofibroblasts appeared to have larger inwardly rectifying current density than freshly dissociated fibroblasts [myofibroblasts: Ϫ6.7 Ϯ 2.5 pA/pF (n ϭ 20) vs. fibroblasts: Ϫ1.9 Ϯ 0.7 pA/pF (n ϭ 20) at Ϫ130 mV]. However, when only those fibroblasts with a measurable Kir current were considered, this difference was no longer apparent [myofibroblasts: Ϫ6.7 Ϯ 2.5 pA/pF (n ϭ 20) vs. fibroblasts: ied (Fig. 2B) . In Fig. 2B (Fig. 2B) . These findings confirm that this inward current is carried by K ϩ . Note that a small outward BaCl 2 -sensitive difference current was recorded from myofibroblasts in both 5 and 10 mM [K ϩ ] o. This important result is illustrated in Fig. 2B , inset. It is this outward current that is responsible for modulating the resting potential. Although the peak magnitude of this current is small, it can maintain and regulate RMP as a result of the very high input resistance in single isolated fibroblasts and myofibroblasts.
In the experiment shown in Fig. 2C , the ability of low concentrations of Ba 2ϩ to block the Kir current of fibroblasts was assessed. Figure 2C Fig. 2C ). These data demonstrate that the K ϩ currents recorded at hyperpolarized membrane potentials in rat ventricular fibroblasts and myofibroblasts are mainly due to expression of Kir channels. mRNAs for Kir2.1 and Kv1.6 are expressed in ventricular myofibroblasts. To attempt to identify which K ϩ channel subtypes/families generate these inwardly rectifying and timeand voltage-dependent outward K ϩ currents, total RNA was isolated from first passage myofibroblasts. These RNA samples were then probed for the ␣-subunits of a number of Kir and voltage-gated K ϩ (Kv) channels using primers developed against rat genes. As shown in Fig. 3A , qualitative RT-PCR experiments revealed that, of the Kv1 channel subtypes tested, Kv1.6 transcripts were abundantly expressed in rat ventricular myofibroblasts, and Kv1.1, Kv1.2, and Kv1.5 transcripts were expressed at lower levels. Quantitative real-time PCR analysis also showed abundant expression of Kv1.6, with expression of Kv1.6 relative to GAPDH of 0.032 Ϯ 0.002 (n ϭ 3) (Fig. 3B) . The expression levels of the other Kv1 subtypes were Ͻ0.003 (n ϭ 3) (Fig. 3B) . Similarly, in rat ventricular myofibroblasts, qualitative RT-PCR experiments revealed that Kir2.1 and Kir6.1 transcripts were expressed, whereas other transcripts examined (Kir1.1, Kir2.2, Kir2.3, Kir2.4, Kir3.1, and Kir6.2) were not (Fig. 3C) . Quantitative real-time PCR analysis also revealed significant expression of Kir2.1 and Kir6.1. The expression of Kir2.1 and Kir6.1 was 0.008 Ϯ 0.002 and 0.006 Ϯ 0.001, respectively (n ϭ 3), and the expression level of the other Kir channel subtypes was Ͻ0.003 (n ϭ 3) (Fig.   Fig. 2 Fig. 4A ; or 1.5 mM, Fig. 4, B and C) . These changes in dye intensity were reversible when [K ϩ ] o was returned to control levels (Fig. 4, B ] o , which induces hyperpolarization, can enhance myofibroblast proliferation and/or survival. In contrast, exposure to elevated [K ϩ ] o , which produces a depolarization, did not promote proliferation and/or may have compromised survival. In this assay, cell number were determined 24 h after each maneuver, with no distinction being made between proliferation versus survival.
Increasing [K ϩ ] o enhances myofibroblast contractility. Depolarization would be expected to result in myofibroblast contraction, as judged by a collagen I gel deformation assay (8) . Decreased collagen I gel surface area has been shown to be an indirect but reliable indication of myofibroblast contraction (32) (33) (45) (46) . As shown in Fig. 6 , when myofibroblasts were placed on collagen I gels, the gel surface area decreased significantly over 8 (A and B) and Kir channel transcripts (C and D) using RNA from adult rat ventricular myofibroblasts. PCR products were generated through the use of rat genespecific primers for Kv1.1, Kv1.2, Kv1.5, Kv1.6, Kir1.1, Kir2.1, Kir2.2, Kir2.3, Kir2.4, Kir3.1, Kir6.1, and Kir6.2. A 100-bp molecular weight marker was used to estimate the size of the amplicon, as shown on the right of A and C. PCR products were sequenced to confirm their identity. RT-PCR performed in the presence of GAPDH-specific primers demonstrates that the products are representative of RNA. C and D: quantitative RT-PCR for Kv1 and Kir channel ␣-subunits relative to GAPDH from the same RNA preparation of rat cardiac myofibroblasts. Results are expressed as means Ϯ SE.
suggesting that depolarization had significantly enhanced myofibroblast contractile activity. Exposure of myofibroblasts for 8 h to 10 ng/ml transforming growth factor (TGF)-␤, a very potent contractile agonist (18, (45) (46) In combination, these data indicate that depolarization enhances contractility of myofibroblasts.
DISCUSSION
Summary of main findings.
Our results demonstrate that the major ionic currents in freshly isolated adult rat ventricular Expression of K ϩ currents in fibroblasts and myofibroblasts. This is the first report of a Kir current in cardiac fibroblasts or myofibroblasts. Only a few previous studies have investigated K ϩ current expression in cardiac fibroblasts. In cultured neonatal rat cardiac fibroblasts (37) and in freshly dissociated adult rat atrial fibroblasts (22) , no inward currents were recorded at hyperpolarized potentials. However, in (noncardiac) fibroblasts and myofibroblasts, this type of Kir current has been described. Fibroblasts and myofibroblasts are present in all organs (for detailed reviews, see Refs. 36, 39, 41, and 46) and include macroglial cells of the brain (30, 36) , hepatic stellate cells, and vascular pericytes, among many others. In addition, a number of cell lines have been derived from fibroblasts, including normal rat kidney (NRK) myofibroblasts (19) . Kir currents have been described in astrocytes (26) , oligodendrocytes (30) , hepatic stellate cells (24) , coronary microvessel pericytes maintained under culture conditions (4), and NRK myofibroblasts (18) .
In ventricular fibroblasts and myofibroblasts, we consistently recorded time-and voltage-dependent outward K ϩ currents. These K ϩ currents are the focus of detailed biophysical and pharmacological studies in our laboratory (42) . These results show that this K ϩ current has slow time-and voltagedependent activation kinetics. It exhibits C-type inactivation as judged by its modulation after changes in [K ϩ ] o as well as by block by extracellular tetraethylammonium (42) . Previous studies done using cultured neonatal rat cardiac fibroblasts identified a somewhat similar outwardly rectifying current (37) . Analogous Kv currents have also been described in numerous noncardiac types of fibroblasts and myofibroblasts, including astrocytes (26) , oligodendrocytes (30) , hepatic stellate cells (24) , NRK myofibroblasts (18) , and coronary microvessel pericytes (4) . In contrast, no Kv currents have been recorded from freshly dissociated rat atrial fibroblasts (23) .
Inwardly rectifying K ϩ current is a primary determinant of RMP. Kir2.1, the classic strongly Kir channel, has been identified in numerous cell types. It was first described in skeletal muscle (25) , and the molecular transcript responsible for it was cloned from J744 cells, a mouse macrophage cells line (31) . Kir channels may serve a variety of functions, including maintaining RMP, modulating the threshold for cellular excitability, and contributing to tissue K ϩ homeostasis (for a review, see Ref. 38) . In both adult rat ventricular fibroblasts and myofibroblasts, Kir current is the primary determinant of RMP. Previous papers reported that in neonatal rat cardiac fibroblasts, RMP was Ϫ20 to Ϫ30 mV (37), whereas in atrial fibroblasts, RMP was Ϫ37 Ϯ 3 mV (21) . No measurable Kir currents were expressed in these cardiac fibroblasts. In noncardiac fibroblasts and myofibroblasts in which Kir current has been recorded, RMPs were more similar to the values we report for ventricular fibroblasts and myofibroblasts. In our study, Kir currents were recorded from 71% of the freshly dissociated ventricular fibroblasts studied. In those ventricular fibroblasts in which no Kir current was recorded, RMP was more depolarized than in cells that did express Kir current (Ϫ34 Ϯ 2 mV, n ϭ 7, vs. Ϫ65 Ϯ 5 mV, n ϭ 14, respectively). In fibroblasts in which no Kir current was recorded, a different ionic mechanism must account for the RMP. The time-and voltage-dependent outward K ϩ current, which is activated at membrane potentials positive to Ϫ40 mV, is a possible candidate. Another plausible contributor to RMP is the electrogenic current of the Na ϩ /K ϩ pump (10) . The basis for the RMP together with the reasons underlying the heterogeneity in Kir current expression is the focus of further experiments in our laboratory. In these investigations, attempts to account and control for the prominent effects on fibroblast phenotype of cell culture conditions and imposed mechanical activity are being included (18) .
Changing membrane potential modulates physiological functions in myofibroblasts. The results of our study provide the first demonstration that changing membrane potential can modulate physiological functions in cardiac myofibroblasts. In noncardiac fibroblasts and myofibroblasts (and many other cells), modulation of physiological function after manipulation of membrane potential is normal and expected. For example, K ϩ current appears to be essential in maintaining astrocytes (34), oligodendrocytes (30) , and a fibroblast cell line (35) in defined proliferative states. In each of these cell types, blocking K ϩ current resulted in inhibition of proliferation. Similarly, in activated microglia in tissue culture, inhibition of Kir current resulted in inhibition of proliferation (40) . We observed that when [K ϩ ] o was increased, the depolarization resulted in enhanced ventricular myofibroblast contractility, as judged by enhanced collagen I gel deformation (Fig. 6) . A somewhat similar relationship between depolarization and contractility has been described in activated hepatic stellate cells. Depolarization can enhance contractile activity of both native activated hepatic stellate cells and those in culture conditions (2, 3) .
Fibroblast and myofibroblast physiology in vivo. Detailed information concerning the ionic basis for membrane potential, and the effect of modulating membrane potential on physiological function in ventricular fibroblasts and myofibroblasts is essential for an understanding of how these cells function in vivo. Recent evidence has indicated that ventricular fibroblasts communicate to other fibroblasts as well as to cardiomyocytes via gap junctions (6, 17) . Electrophysiological coupling mediated by gap junctions has also been described among myofibroblasts within infarction scars of sheep hearts (7) . Under culture conditions, neonatal rat cardiac fibroblasts can electrically couple with cardiomyocytes, resulting in electrotonic changes of fibroblast membrane potential and propagation of action potentials across fibroblasts separating cardiac myocytes (16, 37) . It is of interest to determine whether, and under what conditions, modulation of fibroblast and/or myofibroblast membrane potential due to this electrotonic coupling with cardiomyocytes does occur within the mammalian ventricle. These electrotonic changes (depolarizations) could influence physiological function of both fibroblasts and myofibroblasts. It is now well known that mechanical forces experienced by fibroblasts can alter their function, perhaps by modulating membrane potential or regulating intrinsic responses to autocrine or paracrine factors in the tissue environment. It is also likely that variations in the chemical and/or electrophysiological milieu surrounding the fibroblast or myofibroblast in vivo affect their membrane potential and physiological function (18 In summary, we demonstrated that K ϩ currents expressed in adult rat ventricular fibroblasts and myofibroblasts have important physiological roles. In most of these cells, Kir current is the primary determinant of RMP, and changes in [K ϩ ] o can significantly alter membrane potential. In turn, change of membrane potential modulates both proliferation and contractility in myofibroblasts. Ongoing studies are investigating the effects of electrical coupling of myocytes with fibroblasts and/or myofibroblasts. In the future, it will be essential to integrate these findings with the interesting, important capabilities of tissue engineering paradigms so that fibroblast function can be assessed in a more physiological two-or three-dimensional growth pattern (18) . Previous studies have shown that fibroblast and myofibroblast function and phenotype is strongly regulated by both their microenvironment and the surrounding matrix.
